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We present a combined numerical, theoretical and experimental study on stimulated three-magnon splitting
in a magnetic disk in the vortex state. Our micromagnetic simulations and Brillouin-light-scattering results con-
firm that three-magnon splitting can be triggered even below threshold by exciting one of the secondary modes
by magnons propagating in a waveguide next to the disk. The experiments show that stimulation is possible over
an extended range of excitation powers and a wide range of frequencies around the eigenfrequencies of the sec-
ondary modes. Rate-equation calculations predict an instantaneous response to stimulation and the possibility
to prematurely trigger three-magnon splitting even above threshold in a sustainable manner. These predictions
are confirmed experimentally using time-resolved Brillouin-light-scattering measurements and are in a good
qualitative agreement with the theoretical results. We believe that the controllable mechanism of stimulated
three-magnon splitting could provide a possibility to utilize magnon-based nonlinear networks as hardware for
neuromorphic computing.
With the first experiments on ferromagnetic resonance at
large excitation powers by Bloembergen, Damon and Wang
[1–3], nonlinear effects in magnetization dynamics have of-
ten been regarded as parasitic, leading to additional losses,
frequency shift or linewidth broadening of the ferromagnetic
resonance and of the magnon modes therein. On the other
hand, this nonlinearity leads to many interesting phenomena
such as multi-magnon scattering, parametric pumping, forma-
tion of solitons or phase locking [4, 5]. Some of these effects
have analoga in other fields, like nonlinear optics [6, 7].
In recent years, nonlinear systems have been given increas-
ing attention, for example, as candidates for hardware imple-
mentations of neuromorphic computing [8–11]. The magnons
(spin waves) in ferromagnets are strongly coupled and, above
a certain threshold amplitude, undergo spontaneous scattering
processes with each other, leading to information transport in
wave-vector space. Recently, we provided the direct exper-
imental evidence for three-magnon splitting (3MS), i.e., the
splitting of one primary magnon in two secondary magnons,
in magnetic disks in vortex state [12]. Moreover, Zhang and
coworkers predicted numerically the stimulation of such pro-
cesses in domain walls [13]. However, up to now, there was
no experimental demonstration of a nonlocal, active stimula-
tion of magnon splitting in quantized systems, which allows
not only to control the time, when the splitting sets in, but also
to enforce the scattering into specific states.
In this Letter, we use rate-equation calculations, micromag-
netic simulations and Brillouin-light scattering microscopy
(µBLS) to predict and verify that 3MS can be triggered even
below threshold by exciting one of the secondary modes via
the dynamic magnetic fields of magnons propagating in a
waveguide next to the disk (Fig. 1(a)). The experiments show
that stimulation is possible at low powers and in a wide fre-
quency range around the frequencies of the secondary modes.
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Furthermore, we demonstrate the instantaneous response to
stimulation and the possibility to prematurely trigger 3MS
above threshold.
Magnon eigenmodes in vortex-state magnetic disks have
been examined in numerous experimental [12, 14–16], the-
oretical [16–24] as well as numerical works [25–27]. Their
confinement leads to a discrete spectrum which is catego-
rized by a radial index n ≥ 0, counting the nodes in the
radial (%) direction, and an azimuthal index m ∈ Z, count-
ing the periods in the azimuthal φ-direction (see coordinate
system in Fig. 1(a)). These modes appear in degenerate du-
plets. For large enough disks, two modes with the same n but
opposite m share the same frequency, with the exception of
m = ±1 for which hybridization with the gyrotropic mode of
the vortex appears [14, 17, 18, 28]. Fig. 1(b) shows the spec-
trum of the vortex magnons obtained by micromagnetic sim-
ulations for a permalloy (Ni80Fe20) disk of 50 nm thickness
and 5.1 µm diameter (see Supplemental Material). The slope
of the dispersion is negative in azimuthal direction (increas-
ing |m|) and positive in radial direction (increasing n), which
is characteristic for dipolar-dominated spin-wave propagation
parallel and perpendicular to the equilibrium magnetization in
thin magnetic films [14, 15, 29].
A radial mode (m = 0), that is excited by an azimuthally
symmetric out-of-plane microwave (RF) field at frequency
fD and with a large enough power, may decay into two
secondary modes via 3MS [12], as shown using micromag-
netic simulations in Fig. 1(c) for an excitation frequency of
fD = 7.2 GHz. Experimentally, such an RF field can be
achieved by an Ω-shaped microwave antenna around the mag-
netic disk. The 3MS in magnetic vortices obeys certain selec-
tion rules [12]: Because of the cylindrical symmetry, the an-
gular momentum in φ-direction must be conserved, resulting
in secondary modes of opposite azimuthal index ±m. More-
over, the two secondary modes must have different radial in-
dices which leads to a pronounced splitting in frequency 2∆f
between them. Finally, energy conservation demands for the
frequencies of the secondary modes f± = fD/2±∆f . Simul-
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2FIG. 1. (a) Experimental realization (left) and simulation model
(right) of the vortex-state permalloy disk and of the longitudinally-
magnetized 2 µm wide waveguide. The experimental image has been
acquired using scanning electron microscopy. An Ω-shaped antenna
is used to excite the disk with an RF field bD at frequency fD. Addi-
tionally, a strip-line antenna is used to excite magnons in the waveg-
uide with an RF field bWG at frequency fWG. (b) Dispersion of
the vortex disk calculated using micromagnetic simulations. Exem-
plary scattering channels for three different excitation frequencies
are marked on the dispersion. The hatched rectangular region rep-
resents an approximate frequency and wave-vector interval in which
the waveguide can efficiently excite magnons in the disk. (c) Numer-
ically obtained spatial profiles of the magnons taking part in a 3MS
channel: the directly excited radial mode with frequency fD and the
secondary azimuthal modes with f+ and f−.
taneously, the mirrored process with exchanged signs of the
azimuthal indices is equally probable. We associate these two
equivalent processes with one scattering channel and speak
of secondary duplets instead of secondary modes. This sym-
metry leads to standing waves which can be observed, e.g.,
by µBLS [12, 30]. Depending on the excitation frequency
of the radial mode fD, a variety of scattering channels can
be observed, some of which are marked on the dispersion in
Fig. 1(b).
For all channels, the frequency split 2∆f between the sec-
ondary duplets can be exploited to access them individually
using an additional RF field at the respective frequency f+ or
f−. It is well known that 3MS leads to a considerable feed-
back on the directly excited mode at fD. This interconnection
together with the fact that the secondary duplets could be ex-
cited individually raised the question whether stimulated split-
ting could be realized even below threshold. In other words,
what happens if we excite one of the secondary duplets di-
rectly (e.g., at f+), taken that the radial mode at fD is excited
below threshold. A direct evidence for stimulated 3MS would
be an instant response at f−.
To answer this question, we have performed micromagnetic
simulations using a custom version of MuMax3 [31, 32] and
verified these numerical results by µBLS. In order to reso-
nantly excite one of the secondary duplets (with |m| > 0),
it is not possible to use an Ω-shaped antenna. The reason is
that these modes possess no net magnetic moment and, there-
fore, cannot couple to the azimuthally symmetric RF field pro-
duced by such an antenna. Instead, we use an adjacent, 2 µm
wide waveguide (WG) of the same material and thickness as
the disk. In this waveguide, we inject propagating magnons
at frequency fWG that couple to the azimuthal modes within
the disk. A curved waveguide is used to allow for a better
surrounding of the disk by the Ω-shaped antenna. To max-
imize their intensity within the waveguide, magnons are ex-
cited at both ends resulting in standing waves in the vicin-
ity of the disk. The experimental and numerical sample de-
sign is shown in Fig. 1(a). An approximate frequency and
wave-vector regime, in which azimuthal modes in the disk
can be excited by the waveguide, is marked in the spectrum
in Fig. 1(b).
Without loss of generality, stimulated 3MS is shown for the
channel at fD = 7.20 GHz, introduced in Fig. 1(c), with the
secondary duplets at f+ = 4.46 GHz and f− = 2.74 GHz.
Confirmation for other channels is found in the Supplemental
Material.
As a first sanity check, we excite (using the Ω-shaped an-
tenna in the experiments) the radial mode (1, 0) in the disk at
frequency fD with a low power to verify that the direct excita-
tion is below threshold and no secondary duplets are observed
FIG. 2. Spectra of the vortex disk obtained by micromagnetic sim-
ulations and µBLS for three cases: (a) exciting only the disk below
threshold at frequency fD, (b) exciting only the waveguide at fre-
quency f+ and (c) both combined, showing an additional signal at
f−. (d) mode profiles obtained from the simulation in (c).
3[33]. The corresponding numerical and experimental spectra
are shown in Fig. 2(a). In the simulations, the spectrum of
the disk was obtained by performing a Fourier transform at
each cell in the disk whereas the experimental spectrum was
obtained by measuring and integrating the µBLS spectra at 14
different points on the disk.
Next, to verify that magnons in the waveguide can couple
to the azimuthal modes in the disk, we pump the waveguide at
the frequency of the higher duplet fWG = f+. By again mea-
suring the spectral response in the disk (Fig. 2(b)), we observe
a signal at f+, confirming a successful coupling. Here, no RF
field at the Ω-shaped antenna was applied.
Finally, we combine both schemes by exciting at the fre-
quency of the radial mode fD = 7.20 GHz in the disk and at
f+ = 4.46 GHz in the waveguide. As seen in Fig. 2(c), we
observe an additional spectral contribution at the exact fre-
quency of the lower duplet f− = 2.74 GHz. By obtaining
the mode profiles at f− and f+ from micromagnetic simula-
tions (Fig. 2(d)) – especially in comparison with the profiles
of spontaneous 3MS at the same excitation frequency fD in
Fig. 1(c) – we can confirm that the signals truly belong to
azimuthal modes. As expected, these modes show different
radial indices n. The profile of the mode excited at f+ by the
magnons in the waveguide is distorted. As the dipolar field of
the waveguide generates a wide spectrum of |m|-components
at the site of the disk, we attribute this to an excitation of
multiple degenerate duplets at that frequency. However, the
profile of the solely parametrically excited mode f− almost
perfectly resembles the profile of the lower duplet produced
by spontaneous 3MS. Thus, we conclude that 3MS has been
successfully stimulated below threshold.
In the remaining part of this Letter, we want to explore three
aspects of stimulated 3MS, namely the bandwidth of stim-
ulation, the dependence on the excitation power within the
waveguide as well as the temporal evolution of the magnons
subject to stimulated splitting.
FIG. 3. (a) BLS spectra of the disk when excited below threshold
at frequency fD and the excitation frequency in the waveguide fWG
is varied. The response at f− corresponds to the lower duplet, as a
result of stimulated 3MS. In (b), the BLS response is extracted by
integrating over a frequency interval around the respective frequen-
cies when the disk is excited at fD = 7.2 GHz below threshold and
the excitation power in the waveguide is varied at constant frequency
fWG = f+ = 4.46 GHz. Arrows indicate the corresponding loga-
rithmic intensity axis.
To address the bandwidth, we excite the disk below thresh-
old at fD and vary the excitation frequency fWG in the waveg-
uide. Fig. 3(a) shows the fWG-dependent spectral response of
the disk obtained by µBLS. The dashed diagonal line at fWG
is accompanied with an anti-diagonal response over a wide
frequency range of about 0.6 GHz around the frequencies of
the duplets. This confirms that stimulated 3MS is possible
even when fWG does not exactly match the frequency of one
of the secondary duplets [16, 34].
Next, we address the influence of the power, that the waveg-
uide is excited with. In the experiment, we fix fWG = f+
and vary the microwave power applied to the antenna on the
waveguide. The BLS intensities of the modes in the disk were
extracted by integrating over a certain linewidth around the
respective frequencies. The results summarized in Fig. 3(b)
confirm that stimulated splitting is possible even for low ex-
citation powers in the waveguide. With increasing power of
fWG, the measured signal at f− increases whereas the one at
fD decreases. This demonstrates the energetic interconnec-
tion between the different modes and is an indirect evidence
that a splitting process is taking place. We observe a satu-
ration in the power of the stimulated splitting above which
the intensity of the parametrically excited duplet at f− does
not increase further. However, the resonantly excited duplet
at fWG = f+ still increases. As seen from the evolution of
fD in Fig. 3(b), above this power, the energy flux supplied by
the directly excited radial mode is nearly exhausted. Natu-
rally, the position of the saturation depends on the excitation
power of this radial mode. Finally, we focus on how stimu-
lation provides means to control the time scale of 3MS. Para-
metric phenomena of this nature are known to exhibit a power-
dependent delay. It takes a certain time before the directly ex-
cited mode reaches its threshold, before the secondary duplets
start to grow, and even a longer time before these magnons
reach their dynamic equilibrium. Since stimulated splitting is
possible below threshold, the temporal evolution of the modes
must change compared to spontaneous scattering. For this,
we utilize rate equations derived from nonlinear spin-wave
theory [4, 35, 36], combined with time-resolved µBLS (TR-
µBLS). Both methods allow us to track the temporal evolution
of magnons (see Supplemental Material for details). Only
a qualitative comparison between theory and experiments is
presented here because, first, the exact power arriving at the
antenna is unknown in the experiment and, second, for the
same reason, a synchronization of the microwave pulses at the
sample is cumbersome. Moreover, in the theoretical model, an
additional delay arising from the finite group velocity of the
magnons excited in the waveguide is neglected.
Let us first focus on the case below threshold. In
Fig. 4(a, b), we show the reference case when only the radial
mode at fD is excited with a RF field, marked with a box on
top of the panels. As soon as the duplet at f+ is excited as
well, the parametrically excited duplet at f− immediately fol-
lows (Fig. 4(c, d)). This means, that the response to stimula-
tion is almost instant. Note that, here, we observe a feedback
on the directly excited mode, i.e., a loss in its intensity due
to the opening of the 3MS channel. This fast response can
be used to shorten the power-dependent parametric time de-
4FIG. 4. Temporal evolution of the spin-wave intensities obtained by nonlinear spin-wave theory and TR-µBLS, respectively. The time frames
when the RF fields are turned on are marked by the boxes on top of the axes. In (a, b), only the radial mode at fD is excited below threshold.
In (c, d), an additional RF field is applied at f+ in the waveguide, showing a successful stimulation of the mode at f−. (e, f) show spontaneous
3MS above threshold, whereas (g, h) show a shortening of the parametric time delay by applying an RF pulse at f+ in the waveguide. The ratio
between the intensity levels of different modes in the experiments deviate from the theoretical calculation, likely due to the spatial dependence
of the duplets which form standing waves. Since TR-µBLS measurements are time-consuming they were only performed at one position on
the disk. Different scales were used for theory and experiments to highlight the feedback on the directly excited mode from theory, but also to
show the small signals of TR-µBLS.
lay above threshold. If again only the radial mode is excited,
now above threshold, we observe spontaneous 3MS. The sec-
ondary modes reach dynamic equilibrium at about 20 ns in the
theoretical calculation (Fig. 4(e)) and at 15 ns in the experi-
ment (Fig. 4(f)). Also here, the secondary modes appear much
earlier if stimulated 3MS takes place (Fig. 4(g, h)). Addition-
ally, in the theoretical calculation, the RF field in the waveg-
uide at f+ is only applied for a short duration at the beginning
of the RF pulse at fD, i.e., we stimulate only for a short time.
Note that this time is much smaller than the time needed for
the secondary modes to reach dynamical equilibrium in the
case of spontaneous 3MS in Fig. 4(e). After the stimulation
pulse at f+ in Fig. 4(g) is turned off, spontaneous 3MS takes
over and all modes relax slowly into their dynamic equilib-
rium. This illustrates that 3MS can be prematurely triggered
above threshold even using only a short stimulation pulse.
In conclusion, we demonstrated that stimulated 3MS in a
magnetic vortex can be achieved by coupling the dynamic
fields of magnons propagating in an adjacent waveguide
to the disk. Using micromagnetic simulations, nonlinear
spin-wave theory and Brillouin-light-scattering microscopy,
we have predicted and confirmed that three-magnon splitting
can be triggered below threshold by exciting one of the
secondary modes/duplets. The BLS experiments have shown
that stimulation is possible even at low powers and in a
wide bandwidth around the frequencies of the secondary
modes/duplets. Finally, we showed the instantaneous re-
sponse to stimulation and the possibility to even prematurely
trigger 3MS above threshold in a sustainable manner. Our
theoretical predictions are not only verified experimentally
but are qualitatively in good agreement. We believe that
stimulated 3MS provides a new possibility to harness the
potential of nonlinear spin-wave dynamics. An ensemble
of vortex disks coupled to a network of waveguides could
be utilized in magnon-based nonlinear networks. Since the
temporal evolution of the secondary modes resembles a
neuron response function, such networks using stimulated
3MS could serve as a candidate for hardware neuromorphic
computing.
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